We propose an effective route to fully control the phase of plane waves reflected from electrically (optically) thin composite sheets. This becomes possible using engineered artificial full-reflection layers (metamirrors) formed by arrays of electrically small resonant bi-anisotropic particles. In this scenario, fully reflecting mirrors do not contain any continuous ground plane, but only arrays of small particles. Bi-anisotropic omega coupling is required to get asymmetric response in reflection phase for plane waves incident from the opposite sides of the composite mirror. It is shown that with this concept one can independently tailor the phase of electromagnetic waves reflected from both sides of the mirror array.
I. INTRODUCTION
W HILE the reflecting properties of mirrors and the focusing properties of lenses have been known since ancient times, general possibilities to tailor reflection and transmission of plane waves using thin metasurfaces have been realized only recently. Using various frequency-selective surfaces, transmission phase can be controlled by electrically thin layers (e.g., [1] - [4] ). In what concerns the extended control over transmission, the transmitarray (e.g., [5] ) is the known technique based on the use of two parallel antenna arrays. This concept has been recently generalized in [6] as the meta-transmit-array concept, where subwavelength (in the transverse plane) elements are used. Another class of transmission-phase controlling layers is the phase-shifting surface [7] . Most of these structures contain several layers and are considerably thick in terms of the wavelength. Eliminating reflection while controlling transmission phase is possible using Huygens's metasurfaces [8] - [10] . Some general limitations on realizing thin one-way transparent sheets have been published in [11] .
In this paper, we focus on thin composite layers which fully reflect incident waves and allow us to engineer their phase response. A known approach to control the reflection phase is Manuscript received January 07, 2014; revised April 14, 2014 ; accepted April 17, 2014. Date of publication April 24, 2014 ; date of current version July 02, 2014.
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Digital Object Identifier 10.1109/TAP.2014.2319851 the use of reflectarrays (e.g., [12] - [14] ). Reflectarrays for microwave applications are usually realized as arrays of resonant metal patches over a metal ground plane. All the patches of the array usually have the same shape but slightly varying dimensions, so that the resonance frequency of the individual antenna elements varies to ensure the desired variations of the reflection phase over the array surface. Alternatively, the same goal can be achieved by varying reactive loading of the individual antenna elements of fixed dimensions. Because of the use of resonant patches and considerable electrical distance between the array elements, homogenization of these layers is not possible, making realizations of conformal arrays on bent surfaces difficult. Other limitations are narrow frequency band and the presence of the metal ground plane which blocks transmission at all frequencies.
Other conventional structures which provide full reflection with engineered phase are artificial magnetic walls and high-impedance surfaces (HISs). In contrast to electric walls (perfectly conducting surfaces), magnetic walls do not reverse the phase of reflected waves offering interesting possibilities for antenna and microwave applications. Magnetic walls, also called artificial magnetic conductors, have a high surface impedance and low tangential magnetic field on their surface [15] , [16] . Corrugated conducting surface was one of the first realizations of high impedance surfaces [17] . This is a transmission-line based structure utilizing many shorted quarter-wavelength transmission lines positioned close to each other, which transform the zero impedance at the end of the transmission lines to a very high reactive impedance at the open ends of the transmission-line sections. The main shortcoming of this structure is its large electrical thickness. In order to decrease the layer thickness, it is possible to fill the grooves with a high-permittivity dielectric or meander them. Later on, various corrugated surfaces have been utilized as artificial soft and hard surfaces [18] . Alternatively, to realize high reactive surface impedance, it is possible to use a parallel resonance with a capacitive frequency-selective surface, usually in form of an array of metal patches (so called mushroom structure [19] ). This basic idea has been used by many researchers designing various structures realizing high surface impedance. Analytical models of these devices can be found in many papers [20] - [23] . The mushroom layer HIS proposed by Sievenpiper [19] has been used in many antenna applications: screens in mobile phones, absorbers, tunable antennas, for reducing thickness of steerable antennas, in reconfigurable antennas, e.g., [24] - [31] . In [32] - [34] , high-impedance surfaces with nonuniform distributions of the resonant frequency over the surface were used 0018-926X © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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as reflectarrays, with the advantage of a wider bandwidth as compared to more traditional designs of reflectarrays [12] , [13] . As for any linear and passive structure, there are fundamental causality limitations on the thickness and bandwidth of highimpedance surfaces [35] . The main feature which considerably limits the functionalities of the mushroom structure is the presence of an electric wall (ground plane). There are several reasons which can make it improper or undesirable to use a metal sheet in the structure of a functional metasurface. Presence of a continuous sheet of metal in a metamirror does not allow transmission at all practically interesting frequencies. However, for some applications it can be desirable to realize controllablephase reflectors which would be transparent outside of the operational frequency band (for example, optically transparent microwave reflectarrays, or frequency-selective reflectors, which are transparent for waves radiated by nearly located antennas operating at other frequencies). Furthermore, if it is necessary to control reflection phase for waves incident on both sides of conventional structures with a fully reflective sheet, one needs at least three layers (basically, using two back-to-back reflectarrays), which limits possibilities for minimization of the reflector thickness.
To realize a magnetic wall as a single composite sheet, one needs to create a sheet of equivalent magnetic current. Since there are no free magnetic charges in nature, this is possible only using dense arrays of resonant magnetic particles. For example, artificial magnetic walls made of a dense array of single and double split-ring resonators have been proposed in [36] and [37] . This design does not include any ground plane in its structure, but the possible functionalities are still limited because the reflection coefficient seen from the two sides of such arrays is always the same.
The main questions which we address in this paper are as follows. What are the minimal necessary physical requirements for realizing a single-sheet full-reflection structure with different and controllable phases of reflected waves from its two sides? Are the conventional designs of high-impedance surfaces and reflectarrays the only and optimal ways to control the reflecting properties of thin layers? It is obvious that to be able to fully control reflection, we need to ensure that the thin layer is polarizable both electrically and magnetically. Thus, we assume that the thinnest possible realization is a planar array of small dipolar particles in which both electric and magnetic moments can be induced by the incident fields. From the earlier studies of dipolar arrays [8] it is known that in order to be able to realize different reflectivity properties for the opposite sides of the sheet, the induced electric and magnetic dipoles must be coupled as in a bi-anisotropic particle [38] . To the best of our knowledge, bi-anisotropy of conventional full-reflection layers with asymmetric response of their two sides has not been noticed in earlier studies. Furthermore, an interesting question is if it is possible to create a single layer of bi-anisotropic particles which offers different reflection phase distributions on its two faces (e.g., a uniform reflection phase when illuminated from one side and a nonuniform reflection phase distribution for excitations of the other side)? To address these questions, it is necessary to find out which physical phenomena govern the response of traditional full-reflection layers and understand what parameters of reflecting sheets are required to realize arbitrary reflection phase responses.
In this paper, we will analytically and numerically show that the most general asymmetric single-layer full-reflection structures can be realized as single arrays of lossless bi-anisotropic particles possessing bi-anisotropic omega coupling [38] . It will be shown that using the proposed metasurfaces one can tailor the reflected wave phase independently for illuminations coming from the opposite sides of the composite sheet. Within the physical optics approximation (also known as the Kirchhoff approximation [39] ) the proposed method is applicable for layers with different nonuniform phase distributions on their two surfaces. This study will also reveal novel extreme properties of so called balanced bi-anisotropic particles [11] , [40] - [42] . With the ability to fully control the phases of waves reflected from a planar composite sheet, it becomes possible to tailor reflected waves in the most general fashion. For example, one side of a thin planar sheet can act as a focusing reflector (emulating a parabolic mirror), while the other side can, for instance, deflect incident plane waves into a desired direction.
II. GENERAL FORMULAS FOR REFLECTED
AND TRANSMITTED FIELDS We consider a generic metamirror as a composite planar layer formed by periodically arranged electrically small unit cells or small particles. These cells are polarizable both electrically and magnetically. The electromagnetic properties of the cells we model by general linear relations between the induced electric and magnetic dipole moments and the incident fields and at the positions of the particles (1) where the effective polarizabilities (marked by hats) include the effects of unit cell interactions in the array. Because here we are interested in layers acting as full reflectors for arbitrary polarizations of the incident field, the dyadic coefficients in the above equations should be invariant with respect to rotation around the unit vector normal to the layer plane (2) where is the transverse unit dyadic and is the vector-product operator. The amplitudes of plane waves generated by the array are proportional to the surfaceaveraged electric and magnetic surface current densities, which are related to the induced cell dipole moments as , , where is the area of each unit cell. Assuming the normal incidence of the incident plane wave (the induced dipole moments are the same in all unit cells), we can find the amplitudes of the reflected and transmitted plane waves as [8] (
where is the free-space wave impedance (for simplicity and without loss of generality we assume that the surrounding homogeneous, isotropic, and lossless medium is free space). Here and thereafter, to distinguish between illuminations of the sheet from the two opposite sides, we will use double signs for these two cases, where the top and bottom signs correspond to the incident plane waves propagating in the and directions, respectively. Ideal reflectors should not change the wave polarization at reflection, so we demand that in (3) the coefficients at the rotation operator equal zero. In this work, we limit the study to reciprocal layers, in which case the electric and magnetic polarizabilities are symmetric dyadics , , e.g., [38] ). Thus, the requirement of the absence of any cross-polarized response does not allow any chirality in the layer's topology, because both and . 1 Under these restrictions, the amplitudes of reflected and transmitted plane waves for normally incident plane waves read (4)
III. REQUIRED POLARIZABILITIES FOR ELECTRIC-AND MAGNETIC-WALL RESPONSE
Before studying general metamirrors, let us first consider the simplest problem of realizing electric or magnetic wall response for illumination from both sides of the array.
A. Electric-Wall Response
If we require symmetric response on illuminations from both sides of the array, then the field-coupling coefficients and in (4) must be zero. As is obvious from (4), the array behaves as an electric wall (reflection coefficient , transmission coefficient ) if
If nonreciprocity is allowed, bi-anisotropic chiral coupling can exist in the structure, but the effect of chirality must be balanced with the effects of the Faraday rotation due to nonzero antisymmetric parts of electric and magnetic polarizabilities.
The effective electric polarizability and the effective magnetic polarizability , in terms of the single-particle polarizabilities and the interaction constants, 2 can be written as (6) where is the electric-field interaction constant and is its magnetic counterpart. Approximate analytical expressions for the electric and magnetic interaction constants in regular arrays of dipole particles can be found in [16] 
( is the free-space wave number and is the array period). Here the expression for the imaginary part is exact, and that for the real part is an approximation valid for . Considering the corresponding grid (sheet) impedance [16] defined via (8) where
is the surface-averaged tangential electric field in the array plane and is the surface-averaged induced electric surface current density, we find that (9) if (5) is satisfied. Using (5) and (6), we get the conditions on the polarizability of a single particle which is necessary to realize an effective electric wall response:
The first condition means that the particles (unit cells) are at the resonance and the second condition means that there is no absorption in the particles (the only loss term is due to dipole scattering). This is a known result telling that a dense array of resonant lossless electric dipole particles behaves as an electric wall at the particle resonance. The first equation also shows that the resonance frequency is the frequency at which the grid comes to a resonance, and this frequency is not the same as the resonance frequency of a single particle in free space.
Let us compare the behavior of a grid of resonant electric dipoles with that of a thin homogeneous slab (the relative permittivity and the thickness ). For a thin homogeneous slab the equivalent sheet impedance reads [16, eq. 2.152] (11) 2 Single-particle polarizabilities (notations without hats) connect the induced dipole moments with the local fields and at the position of the particle. The interaction constants define the values of the local fields as and .
and, obviously, the electric-wall response can be reached only if . If the imaginary part of tends to infinity, we have the case of a perfect conductor, and if the real part of tends to infinity, we have the response analogous to the above case of an array of lossless resonant electric dipoles. Indeed, in the case of the dipole array the perfect electric conductor (PEC) response is reached when the particles are at resonance and their polarizabilities in the grid tend to infinity. After appropriate homogenization, this corresponds to a thin layer of a dielectric with . Note that a single sheet of homogeneous surface electric current radiates symmetrically in the forward and back directions. In our case of full reflection, the amplitude of the reflected plane wave equals to that of the incident plane wave. The plane wave created by this array into the forward direction also has the same amplitude as the incident field, but it is out of phase with that, so that the total field behind the grid is zero. Note that the discrete nature of the grid is not essential for this interference effect (cancelation of the incident field behind the grid). It is essential in order to ensure the resonant response of the grid impedance, which in a homogeneous layer is possible only with .
B. Magnetic-Wall Response
Similarly to the above case of the electric wall, inspecting (4) we can see that the magnetic-wall response from both sides of the array (the reflection coefficient and the transmission coefficient ) is achieved if (12) The effective magnetic polarizability is related to the polarizibility of the same particle in free space as in (6) . We can introduce the equivalent "series admittance" via (13) In this definition, is the surface-averaged tangential magnetic field in the array plane and is the surface-averaged magnetic surface current density. Similarly to the case of the electric-wall response of resonant electric dipoles, we find (14) Thus, an array of lossless resonant magnetic dipoles behaves as a magnetic wall from both sides of the array at the resonant frequency of the array which is determined, using (6) and (12), by the following values of the particle polarizabilities (15) 
C. Symmetric Response With an Arbitrary Reflection Phase
Let us next consider if and how one can realize a composite sheet which reflects plane waves symmetrically from both sides, but with an arbitrary and controllable reflection phase. We use (4) with and to find the effective electric and magnetic polarizabilities of the unit cells which ensure that and . Here is the desired phase shift of the reflected wave. The result reads (16) The corresponding values of the required electric impedance and magnetic admittance for the surface-averaged current densities [see (8) and (13)] are given by (17) 
The required polarizabilities of the individual particles we find using (16) and (5) (19) (20) This means that one should use lossless particles but not at the resonant frequency of the array, so that the real parts of the inverse polarizabilities acquire the values given in (19) and (20) .
IV. ASYMMETRIC RESPONSE TO ILLUMINATIONS FROM THE OPPOSITE SIDES OF METAMIRRORS
Next, we study metamirrors which can provide different reflection phases when illuminated from their two sides. Equations (4) clearly show that in order to achieve asymmetric full-reflection response from a single layer of small unit cells, we need to invoke magnetoelectric coupling of the omega type . 3 In order to get more physical insight into these phenomena, as an example of asymmetric metamirrors we will first consider the classical realization of the mushroom layer high-impedance surface (HIS). In antenna engineering, these layers are sometimes called reflectarrays with subwavelength elements [32] , [33] . Similarly to generic arrays of small particles, the mushroom layer is electrically thin, and at the resonance it has the reflection coefficient (magnetic wall response) from the side of the patch array, while the reflection coefficient from the opposite side is , because the structure has a PEC ground plane. The response is the same as we expect from an array of bi-anisotropic particles with appropriately designed omega coupling. Furthermore, the mushroom-layer geometry resembles that of an array of -particles: An array of electrically polarizable patches next to a PEC wall. Clearly, if this structure is excited by external uniform electric fields, the currents induced on the patch array and on the ground plane are different, meaning that applied uniform electric field induces some magnetic moment (an effective circulating electric current). What are the electric and magnetic polarizations induced in a conventional mushroom layer and what are the effective "polarizabilities"? The expectation is that the mushroom layer exhibits the same response as a resonant layer of bi-anisotropic (omega) particles.
A. Electric and Magnetic Polarizations in Mushroom Layers
To understand the electromagnetic coupling which takes place in mushroom layers, we derive the effective polarizabilities of these layers by studying their excitations in external electric and magnetic fields. To find these polarizabilities, we need to excite the HIS layer by electric field or magnetic fields which are approximately uniform inside the HIS layer. Following [16] , we choose the exciting field in form of a standing wave ( Fig. 1 
(the Cartesian axes and are in the layer plane). To study the excitation by external electric fields, we position the maximum of the electric field distribution of the standing wave at the middle point between the patch array and the ground plane, where , e.g., assuming (the normalized distance between the patch array and the ground plane is , where is the distance between the ground plane and the patch array). Next, we write the relations between the averaged surface current density on the ground plane , the averaged surface current density on the array of patches , and the total surface-averaged electric fields at the respective two planes as (22) where is the effective grid impedance (sheet impedance) of the patch array. The value of the grid impedance we choose so that the mushroom layer operates as a magnetic wall (the parallel connection of and the input impedance of the equivalent short-circuited transmission line of length is in parallel resonance) (23) Using (22) and (23), the currents on the metal surface and on the patch grid can be found (24) The induced electric moment per unit area of the structure, by definition [43] , is (25) Using (24) and (25), the electric moment can be written as (26) Assuming that the layer is electrically thin , the above result simplifies to (27) Dividing the induced electric moment by the amplitude of the external electric field in (21), the effective electric polarizability per unit area is found (28) By definition [43] , the induced magnetic moment per unit area can be written as (29) Using (28) and (29) , the magnetic moment reads (30) The assumption of electrically small thickness simplifies this relation to (31) Next, using (21) and (31), we can calculate the magnetoelectric parameter (the omega coupling coefficient) (32) At the second step, we derive the effective magnetic and electromagnetic polarizabilities by considering excitation of the same layer by external magnetic fields. To do that, we position the layer in the standing wave fields (21) so that the maximum of the magnetic field is between the array of patches and the ground plane (e.g., at
), see Fig. 1 . Again writing the relations between the induced averaged surface current densities and the total electric fields in the plane of the patches and the ground plane (33) the current densities on the metal surface and on the grid array are found as (34) The electric moment is calculated using (25) 
Assuming electrically small thickness of the structure, we get (36) The coupling coefficient can be found dividing the induced electric moment by the amplitude of the external magnetic field in (21)
Using (29) , the magnetic moment can be written as (38) and within the same assumption of electrically small thickness (39) The magnetic polarizability can be determined by dividing the induced magnetic moment by the external magnetic field in (21) (40)
B. Analogy Between Mushroom Layers and Arrays of Resonant Omega Particles
The results for the polarizabilities (32) and (37) show that the mushroom layer at resonance indeed acts as a layer of omega particles, because the structure develops electric polarization at excitation by electric fields, magnetic polarization under excitation by magnetic fields, and, in addition, there is magnetoelectric coupling effect measured by the coefficients (41) Furthermore, we note that the polarizabilities are balanced as (42) According to (4) , this is exactly the condition ensuring that the reflection coefficient from the array of bi-anisotropic particles changes sign when we reverse the illumination direction. Moreover, we recall that the polarizabilities found for the mushroom layer are defined in terms of induced moments per unit area, which are related to the polarizabilities of particles (or unit cells) in (3) as . With this in view, we see that the amplitudes of the cross polarizabilities of the mushroom layer exactly satisfy the requirements for realization of response of an array of omega particles. This consideration again confirms that in order to realize a single-layer full-reflection structure with asymmetric phase responses from different sides, we have to introduce bi-anisotropy in the layer. Next, we will derive design equations for an ultimately thin full-reflection layer which has arbitrary (asymmetric) reflection phases for waves coming from the two opposite sides.
V. GENERAL METAMIRRORS
Let us find the required polarizabilities of unit cells for realizations of general asymmetric metamirrors. These layers fully reflect plane waves coming from both sides (the amplitude of the reflection coefficient is equal to unity), but the phases of the reflected waves can take any desired values. PEC, perfect magnetic conductor (PMC), HIS, and layers with reflection coefficients will be considered as important special cases. Let us demand that the reflection coefficients equal to and for and -directed incident plane waves, respectively
The requirements for the effective polarizabilities of unit cells necessary to realize the desired response can be found, substituting (43) in (4), as
The polarizabilities in (44) refer to a layer with omega coupling. This is physically understandable, because we demand this layer to show the same transmission properties but different reflection properties for waves incident from the opposite directions, while the polarization of the reflected and transmitted waves is the same as that of the incident waves.
To find the required individual polarizabilities of single inclusions (not interacting with other inclusions), we can use the explicit formulas for the collective polarizabilities of an omega particle in an array in terms of the individual polarizabilities and the interaction constants [8] (45)
Here
is the omega coupling parameter of an individual inclusion. Using (44) and (45), one can find the required polarizability values for the individual omega particles as (46) These individual polarizabilities satisfy the necessary condition for lossless bi-anisotropic particles [44] (47)
These results are quite general in the sense that we can design a layer of bi-anisotropic particles which fully reflects coming electromagnetic waves from different sides with arbitrary phases.
For some applications it can be necessary to ensure a specific value of the phase of the reflected wave at some specific distance from the layer plane. Our theory can be easily modified to realize any phase requirements at any distance from the array. Suppose that we want to ensure that the phase of the reflected wave equals at distance from the upper surface of the array and phase for reflected waves at distance from the bottom surface of the array (see Fig. 2 ). To find the required effective and individual polarizabilities, we can simply substitute and in (45) and (46), where is the free-space wavelength. Formulas (46) have been derived for periodical arrays at normal incidence, meaning that we have uniform phase distributions in reflected waves from both sides of the surface. Obviously, for many applications it is desirable to realize specific nonuniform phase distributions of reflected plane waves (allowing, for instance, wave focusing or deflection). Moreover, it is of practical interest to understand if it is possible to realize different phase distributions for illuminations from the opposite sides, using just one single layer of dipolar particles. In the assumption that the variations of the reflection phase along the surface is slow and smooth on the wavelength scale, the physical optics approximation [39] can be used to determine the required individual properties for each particle at each point on the surface (see an illustration in Fig. 3 ). Knowing the required reflection phase value at each point of the surface, one can replace each particle on the array locally by a periodic array formed by many such particles. This way the necessary collective and individual polarizabilities of the particle can be calculated from (44) and (46), respectively. An interesting conclusion is that it is possible to realize a single layer of bi-anisotropic particles which offers different reflection phase distributions from two sides. For example, a layer can exhibit uniform reflection phase distribution when illuminated from one side, and a nonuniform reflection phase distribution from the other side. One interesting example is an ultimately thin layer of dipolar particles which works as a reflectarray from one side and as a magnetic wall from the other side. Interestingly, the full control over reflection phases of waves reflected from both sides of metamirrors can be achieved using dipolar particles of only one type: lossless omega particles.
There is an important point to notice. The amplitudes of the reflection and transmission coefficients equal unity and zero, respectively, and the structure is obviously lossless. However, this implies only that the particles are lossless in the sense of the overall response (the power extracted from the fields equals to the reradiated power). Because the electric and magnetic responses are coupled in these bi-anisotropic particles, it is possible, for instance, that the electric and magnetic polarizabilities provide gain, which is compensated by equivalent loss in the omega coupling term.
In what follows, we will consider special cases of this general case. The cases of PEC and PMC response have been already treated above (Section III), and we will concentrate on high-impedance surfaces and surfaces providing the reflection coefficients equal to .
A. Special Cases of Metamirrors

1)
Reflection Coefficients: Let us consider metamirrors with the reflection coefficients equal to when illuminated from their two sides. Note that the input impedance of such a layer seen at its two surfaces is . Thus, realizing these layers is the same as designing a thin structure whose input impedance has a 90 phase shift from the intrinsic impedance of the background medium. Such a layer might find important applications in antenna techniques, for example.
Substituting in (43) and then in (44), we can determine the required effective polarizabilities as follows:
As it is seen, the effective polarizabilities have the balanced properties (the magnitudes of all the normalized polarizabilities are equal). Using (46) , the individual polarizabilities can be written as (49) It should be noted that in this case both effective and individual polarizabilities have the balanced strength.
2) High-Impedance Surface: One of the practically important cases is a single layer of bi-anisotropic particles acting as a high-impedance surface. In Section IV-A it was shown that there is omega coupling inside conventional HIS mushroom layers. Here, we find the required effective and individual polarizabilities of dipolar bi-anisotropic particles which realize the same response. To ensure HIS properties of an array of bi-anisotropic particles, we demand that and in (43) . Substituting these values into (44) , one can get the required effective polarizabilities as (50)
As expected, these are the same relations as we have found for the effective polarizabilities (defined per unit area) of conventional mushroom layers (42) . Using (46) , the individual polarizabilities can be found as (51) Interestingly, the effective polarizabilities are balanced, but the individual ones are not completely balanced.
VI. EXAMPLE DESIGNS
The above theory determines the required polarizabilities of unit cells which ensure the desired properties of general full-reflection layers. Here we will consider example designs of particles with such polarizabilities. It is clear that to realize PEC and PMC responses from arrays of small dipole particles, we can simply use periodical array of resonant and low-loss electric and magnetic dipoles, respectively. But what particles can have the required polarizabilities as in (49) and (51)? In what follows, we will focus on asymmetric responses from different sides of the array.
A. Designing a Layer With Reflection Coefficients
In the previous section, it was shown that to realize a layer which exhibits reflection coefficient for waves coming from different sides of the array, one needs to have an array of balanced omega particles. In this section, as examples of omega particles for microwave applications, we will study metal-wire omega particles. An omega particle is formed by two connected electric and magnetic dipoles orthogonal to each other (in the case of wire omega particles, a short wire dipole antennas connected to a small loop antenna). When we excite the particle by external electric fields, currents induced by the electric field in the electric dipole flow also over the loop and, consequently, some magnetic moment is excited. This effect is called magnetoelectric omega coupling. Reciprocally, external magnetic fields induce currents in the loop, which flow also in the electric dipole part, generating electric dipole moment. Fig. 4(a) and (b) show two possible designs of bi-anisotropic particles possessing omega coupling. To optimize the particle shapes and dimensions, we use the method introduced in [45] which allows us to extract the polarizabilities of an arbitrary dipolar particle from computed or measured scattering cross sections of the particle. The individual polarizabilities of particles optimized for the desired performance are shown in Fig. 5(a) and (b). As it is seen, both of these particles are balanced and can be used to realize a layer with . Here, we utilize the particle shown in Fig. 4(a) . The radius of the loop is , the radius of the wire is , the half-length of the electric dipole is , and the pitch is 1.45 mm. Fig. 6(a) shows the amplitude and phase of reflected waves from an array made of these particles (the array period is ). reflection coefficients are realized at the particle resonance (the phase reference plane crosses the geometrical center of the particles).
Let us next consider the case when it is required to realize the reflection coefficients equal to at distance from the top of the array and at distance from the bottom of the array (see Fig. 2 ). As it was explained in the previous section, the present theory can be modified to realize any reflection phase requirement at any distance from the array. To do this, one can substitute and in (46) . As it is clear from (46) , in this case the required polarizabilities are not balanced. For example, the particle in Fig. 4(a) can be optimized to get a layer with reflection coefficients from the borders of the particle (when the phase reference planes are set to the borders of the particle). In this case, the radius of the loop is and the half-length of the electric dipole is . As we see from Fig. 6(b) , at the frequency where is realized, the amplitude of the reflection coefficient is not exactly equal to unity. On the other hand, at the frequency where we realize full reflection, the phases of the reflection coefficients from different sides are not exactly equal to . The reason is the intrinsic relation between electric, magnetic and magnetoelectric polarizabilities of small wire omega particles (see [38] )
In some cases, this condition limits the accessible properties of wire omega particles which does not allow one to fully satisfy the requirements (46) . Relation (52) is valid for particles made of a single continuous piece of wire. Particle symmetry imposes some restrictions on the current distributions, so that electric, magnetic, and electromagnetic polarizabilities are not independent. However, as is shown in [46] , this restriction does not hold for general omega particles and this limitation can be lifted.
B. Designing a Layer With Reflection Coefficients
It was shown above that to design a layer of bi-anisotropic particles which acts as a HIS one needs particles with balanced electric and magnetic polarizabilities, but the magnetoelectric coupling coefficient should not be balanced with the electric and magnetic polarizabilities [see (51)]. However, condition (52) shows that as soon as we have a wire omega particle with balanced electric and magnetic polarizabilities, the coupling coefficient will be automatically balanced with the electric and magnetic ones. This is in contrast with the requirement in (51). Let us consider another possibility to use wire omega particles to realize reflection layer, which appears thanks to the freedom to choose the area of the unit cells to balance the polarizabilities. Substituting the interaction constants from (7), the required polarizabilities in (51) can be rewritten as (53) Now one can select a value of is order to tune the polarizabilities to the required balanced values. However, it is obvious that the only solution when all the polarizabilities are balanced corresponds to infinite polarizabilities, which is not realizable. This means that the conventional wire omega particle is not the right choice for the design of such layers and we need an omega particle which does not obey the limitation (52).
In applications, it is usually desired to realize a layer with reflection coefficients measured at the border surfaces of the layer. Fig. 4(b) shows a topology of an omega particle, which is appropriate for this purpose. After optimizing the particle, the radius of the wire is , and the ellipticity is 0.334. The individual polarizabilities of this optimized particle plotted in Fig. 5(b) show that this particle is indeed balanced, meaning that if we set the phase reference plane at the center of the array, reflection from the two sides will be achieved. For an array made of these particles (the array period is ) shown in Fig. 7(a) , the amplitude and phase of the reflection coefficients measured at the border surfaces of the array are plotted in Fig. 7(b) . As we see, because of the special geometry of the particle, we are able to realize reflection coefficients at the border surfaces of the array.
It should be noted that the considered omega particles are just very simple and particular examples which were used to illustrate possible realizations of different composite metamirrors. Actually, in these examples the layer of particles is not very thin electrically. The thicknesses of the presented example arrays of conventional and ellipsoidal omega particles are reflection coefficients from an array made of ellipsoidal omega particles when the phase reference plane is set to the border surfaces of the array. and , respectively. However, one can use any other particle which has omega coupling to realize the required polarizabilities in possibly much smaller volumes. Similar structures have been presented in some earlier papers on functional metasurfaces, but it appears that the possibility to realize and use omega coupling and asymmetry in reflection response for waves coming from different sides has not been discovered earlier. For example, it is interesting to note that the thin focusing layer presented in [47] actually has the appropriate symmetry of the omega-type bi-anisotropic layer, although without theoretical optimization and with high losses in metal it shows only moderate reflectivity. Furthermore, we note that realizing and engineering omega coupling is possible using only planar structures (manufactured using planar printing technologies, for example), although at least two layers are necessary. For instance, adjacently positioning two different arrays of patches one can realize omega coupling (as is explained in Section IV for the special case of mushroom layers). As an example, the structure presented in [48] can basically work as a fully-reflective layer with different phases of the reflection coefficient of the two sides.
VII. CONCLUSIONS
Here, we have introduced the concept of the metamirror which offers a possibility for full control over the reflection phases of its two surfaces. We have assumed that the metamirror thickness is ultimately small, only allowing one layer of dipolar particles to fit inside the structure. The investigation of the necessary polarization properties of the unit cells of the structure has shown that reciprocal and lossless bi-anisotropic particles with omega magnetoelectric coupling are the appropriate building blocks for the most general metamirrors. The study has also revealed the bi-anisotropic nature of the electromagnetic response of conventional high-impedance surfaces in form of mushroom layers (these layers provide the reflection coefficients equal to and when illuminated from the opposite sides-a very special case of the general metamirror response). The bi-anisotropic coupling required for the metamirror operation can be realized by selecting an appropriate shape of dipolar particles sitting in each unit cell of the planar metamirror array. For the microwave frequency range metal wire particles can be used, and we have demonstrated by simulations the metamirror responses of some example designs. For infrared and optical frequencies, low-loss high-contrast dielectric structures of the appropriate symmetry can be possibly used for the same purpose. The results for periodical layers have been extended also to engineered arrays which offer nonuniform phase distributions. It has been shown that a properly designed single layer of bi-anisotropic particles possessing omega coupling can fully reflect electromagnetic waves coming from different sides with arbitrary phases, and the waves reflected from the two sides of the metamirror can be tailored independently. This concept generalizes the reflectarray concept to the most general phase control of reflections from both sides of the layer using ultimately thin (one layer of dipolar inclusions) structures. In contrast to conventional reflectarrays, metamirrors do not contain a fully reflective ground plane, thus, far from the operational frequency of the mirror these structures are weakly reflective and highly transmitting. Furthermore, the absence of the ground plane can possibly open a way to the design of reflectarrays with extremely strong refractive power, for example, lenses with extremely small focal distances. This can become possible because in this configuration the array elements can effectively radiate also along the array plane. Finally we note that possible functionalities of general bi-anisotropic metasurfaces are not limited to metamirror operations which we have studied here: Actually they offer possibilities for full control of wavefronts, as is seen from the general relations (3).
